In the early days of BOLD fMRI, the acquisition of T 2 ⁎ weighted data was greatly facilitated by rapid scan techniques such as EPI. The latter, however, was only available on a few MRI systems that were equipped with specialized hardware that allowed rapid switching of the imaging gradients. For this reason, soon after the invention of fMRI, the scan technique PRESTO was developed to make rapid T 2 ⁎ weighted scanning available on standard clinical scanners. This method combined echo shifting, which allows for echo times longer than the sequence repetition time, with acquisition of multiple k-space lines per excitation. These two concepts were combined in order to achieve a method fast enough for fMRI, while maintaining a sufficiently long echo time for optimal contrast. PRESTO has been primarily used for 3D scanning, which minimized the contribution of large vessels due to inflow effects. Although PRESTO is still being used today, its appeal has lessened somewhat due to increased gradient performance of modern MRI scanners. Compared to 2D EPI, PRESTO may have somewhat reduced temporal stability, which is a disadvantage for fMRI that may not outweigh the advantage of reduced inflow effects provided by 3D scanning. In this overview, the history of the development of the PRESTO is presented, followed by a qualitative comparison with EPI.
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Introduction: History and background
The PRESTO sequence was developed as a functional imaging technique in the early days of fMRI, starting in 1991, at the In-Vivo NMR Center at the National Institutes of Health (NIH). The name stands for 'Principles of Echo-Shifting with a Train of Observations', referring to two of the most significant features of the sequence, echo-shifting and a multi-gradient echo type acquisition, as is used in interleaved echo planar imaging (EPI). At the time, the term 'functional imaging' was used rather broadly and understood to include most techniques that provided information other than structural (Moonen et al., 1990) , as the method of studying brain activity with BOLD fMRI had not yet been developed. Rather, blood volume measurements using exogenous contrast agents such as Gd-DTPA appeared to be the most promising MRI technique for this purpose (Belliveau et al., 1991) .
Another circumstance relevant to the development of PRESTO was the state of the hardware available on standard (clinical) scanners of that time. 'High field' then meant 1.5 T, the gradients had low switching rates and strength, and RF receive coils had sub-optimal sensitivity. Just about all head imaging was performed with a birdcage volume coil well larger than the average human head, and accelerated (parallel) imaging with multiple receive elements was still several years into the future. On the MRI system at NIH, the available gradient amplitude was limited to 10 mT/m, the slew rate to 17 T/m/s. This, together with duty-cycle limits and residual eddy-currents, meant that EPI was not yet practical on clinical scanners; it was only available with the use of dedicated fast gradient coils (e.g. (Bandettini et al., NeuroImage 62 (2012) 1992; Belliveau et al., 1991; Turner et al., 1993) ). On clinical scanners, the fast imaging method of choice was gradient echo imaging (FLASH, GRASS etc.) using a short repetition time (TR), for both bolus tracking applications based on Gd-DTPA as well as BOLD contrast based fMRI (e.g. (Kim et al., 1993)) .
In experiments at NIH using bolus tracking (Zigun et al., 1993) , it was realized that accelerating the scan by shortening the TR severely restricted the range of available echo times (TE's), which could be detrimental for optimal contrast for the T 2 ⁎ effect of the bolus; this problem was minimized by shifting the echo towards the end of the TR interval. As it is written in that paper: "MR images were obtained with an unmodified 1.5 T unit (GE Signa) by means of a fast GRASS sequence, with the echo shifted towards the end of the repetition period by means of an increase in the readout dephasing gradient, this increase produced a repetition time of 16 ms and an echo time of 12 ms……" (the length of the dephaser effectively controlled the delay between excitation and acquisition). It was essentially this push towards longer TEs, together with the restriction on the repetition time of the sequence related to the desired spatial resolution and image-to-image time resolution, that led to the idea of delaying the echo into a subsequent TR period, resulting in a TE longer than the TR of the sequence (Moonen et al., 1992) . This idea was called 'Echo Shifting' (ES). The first implementation is shown in Fig.1 , with the gradient waveforms modified and added to refocus the signal from each RF pulse after the subsequent one. The modifications entailed: refocusing of the readout gradient in each TR, moving the phase encoding to the end of the TR period, and changing the slice select gradient to a +1/2, +1, −1 scheme where '+1' refers to the surface area (time integral) of the slice select gradient used during the RF pulse. Crushers were added (the line 'Gadd2' in Fig. 1 ) to further suppress the signal directly after the RF pulse. This additional gradient was reversed in the next TR to refocus the desired signal. This scheme was generalized to an arbitrary number of TR shifts (Liu et al., 1993b) by changing the slice select gradient to a 1/2(n-1), + 1, − 1 shape and the additional gradient to step through a cycle of n-values; an example for a three cycle scheme for a 2 TR shift is shown in Fig. 1 in line "Gadd.3". While first implementations were done on a 4.7 T animal scanner and demonstrated with bolus tracking on a cat, subsequently the echo shifting method was ported to a clinical scanner for fMRI with bolus tracking in humans .
The ES-FLASH acquisition was then accelerated by using multiple readout echoes within every TR in an interleaved EPI fashion, creating the PRESTO sequence (Liu et al., 1993a ), see Fig. 2 . The first implementation used just the slice select waveform to de-and rephase the desired signals. It was a 2D, single slice sequence, again demonstrated with bolus tracking in a cat brain. With a TR of 9 ms, a TE of 13.5 ms, a 64 × 64 image was acquired every 153 ms.
The next step came with an improved scheme for the additional gradients in an ES-FLASH implementation on a clinical scanner (Duyn et al., 1994 ), see Fig. 3 . This was the first time echo shifting was applied to fMRI, requiring a change in the gradient scheme to improve the temporal stability. The new scheme allowed for an arbitrary number of TR shifts while keeping the same waveforms for every TR period. This was achieved by using two crushers in every TR, one before and one after the acquisition, with a ratio of 1:2 for a shift of one TR. It can be generalized to a ratio of n:(n + 1) to shift over n TR periods. The slice select gradient was still used as well for the echo shifting, similar to the previous implementations. Also the phase encoding was rewound in every TR to keep the gradient moments constant, improving the stability. Two other additions brought this closer to the final PRESTO version: the extension to 3D encoding and the use of phase scrambling to improve suppression of stimulated (RF) echoes. This suppression again was essential to improve the stability for the fMRI application (see e.g. (Duyn, 1997) ). The method was used this time for BOLD contrast fMRI with a visual stimulus. A 30 ms TE was used, with a 20 ms TR, resulting in a 20 s 64 × 64 × 16 volume acquisition time.
The final version came out a year later (van Gelderen et al., 1995) , see Fig. 4 , final at least in the sense that this is more or less the sequence that we now understand to be PRESTO. It combined the 3D phase encoding with the multiple echo acquisition and echo shifting from the previous version. It also had the additional gradient design from the previous 3D ES-FLASH method, as well as its phase scrambling. One small difference is that now the slice select gradient is finally completely separated in function from the echo shifting additional gradients, the −1:2:−1 design will refocus both the signal from the current excitation as well as the preceding ones. This implementation acquired 5 echoes per 24 ms TR, a TE from 30 to 40 ms, for a 64 × 50 × 24 voxel volume every 5.8 s. It was demonstrated as a BOLD based fMRI method to detect finger-tapping induced activation in the motor and sensory brain areas.
One more technical detail of interest for PRESTO is the choice of the phase encoding order over the echoes within one TR and over subsequent TR periods. This choice affects the nature of the EPI type artifacts (ghosting and distortion) stemming from the alternating sign of the readout gradient and the different T 2 ⁎ weighting and phase accumulation for the different echoes within one TR. Our choice in general has been to make the steps between the echoes in one TR (the 'blips') large, and fill in the intermediate lines in subsequent TRs, similar to the scheme proposed for the GRASE sequence (Oshio and Feinberg, 1991) . This pattern results in N-ghosts for an N-interleave acquisition, but less distortion than a single shot acquisition. Alternative schemes with for example small blips, covering adjacent k-space lines with one echo train, can offer a different trade off between ghosting and distortion.
Further development and applications
Although the PRESTO method has been applied to fMRI by a number of groups, its use has been much less widespread than EPI based methods. Examples of applications include studies of the motor system (Hanakawa et al., 2008) , age related changes in motor activity (Hesselmann et al., 2001) , time course analysis of a visual motor task (Hanakawa et al., 2008) , cross-modal integration (Bushara et al., 2003) , working memory (Jansma et al., 2001; Ramsey et al., 2004) , resting-state connectivity (van den Heuvel et al., 2008) , language (Rutten et al., 2002b; Sommer et al., 2002) and schizophrenia (Callicott et al., 1998; Raemaekers et al., 2002; Weinberger et al., 1996) . Validation studies in our own group looked at reproducibility and correlation with O 15 -PET activation data (Ramsey et al., 1996a, b) . Validations of the spatial accuracy have come from comparison to cortical electro-stimulation (Rutten et al., 1999 (Rutten et al., , 2002a ) and electro-corticographic recordings (Hermes et al., 2011; Vansteensel et al., 2010 ). An example of a PRESTO application is shown in Fig. 5 , where a patient with a left-frontal glioma was scanned to localize the language areas to inform the neurosurgeon. Activity exceeding a statistical threshold is projected onto a FLAIR scan which shows the tumor, and on a T 1 -weighted anatomical scan. In this case the frontal language area (Broca's area) was immediately posterior to the tumor (yellow arrow in figure) , prompting the surgeon to perform awake surgery involving electrical stimulation to avoid damaging that region. Improvements in gradient performance on our clinical GE scanners to 22 mT/m amplitude and 115 T/m/s slew rate allowed for a speed up of the PRESTO sequence to make 3D bolus tracking feasible in 2000 (with 64 × 52 × 32 resolution in a 2 s volume TR) (van Gelderen et al., 2000) and similarly on a clinical Philips scanner (Flacke et al., 2000) . Some applications of PRESTO bolus tracking followed (Manka et al., 2005; Pedersen et al., 2004; Sobesky et al., 2004) , but again in much smaller numbers than EPI-based studies. Apart from bolus tracking, PRESTO has also been applied to T 2 ⁎ contrast based anatomical imaging (Sakurai et al., 2010) and venography (Tsuboyama et al., 2008) .
The addition of a navigator echo improved the stability and with it the detection sensitivity , as some of the signal fluctuation inherent to multi-shot acquisition can be corrected for by compensating the shot-to-shot amplitude and phase variations. Another technical development that further increased the available speed was the application of accelerated imaging (Pruessmann et al., 1999) , resulting in the PRESTO SENSE (sensitivity encoding) combination (Golay et al., 2000) and later a PRESTO-SENSE with partial k-space scanning (Klarhofer et al., 2003) . The acceleration allows for a reduction in phase encoding steps, resulting in a 1 s volume TR for acceleration in one dimension, or 500 ms for a 2D acceleration (Neggers et al., 2008) for a 4 mm isotropic resolution in a whole brain acquisition. In a way, the development of parallel imaging may have reduced the demand for PRES-TO, as even high-resolution (close to 1 mm) single-shot EPI images can now be acquired with manageable levels of geometric distortions. Combining multiple acquisitions to achieve the desired resolution within a reasonable acquisition window is no longer that important.
The various successful applications and on the other hand lack of general acceptance naturally leads to the question: Why use PRESTO instead of multi-slice EPI for fMRI? Some papers have concluded EPI is better Ragnehed et al., 2010) , while others (Barry et al., 2011; Neggers et al., 2008) found better results with PRES-TO. Based on theory, a couple of arguments can be made, considering the signal-to-noise-ratio (SNR), sensitivity, time and spatial resolution, and artifact levels. For the basic image SNR, one has to consider the SNR per unit time, as normally the sequence is repeated many times and the signal effectively averaged in further processing steps. The relative SNR per unit time as a function of TR time for a gradient echo sequence with an optimal (Ernst) flip angle is shown in Fig. 6 . As can been seen in the plot, the relative SNR per unit time is not very sensitive to the choice to TR, at least up to 3 times the T 1 , in other words the time averaged image SNR is nearly constant up to a TR time of several seconds. This means two PRESTO sequences with the same acquisition parameters and TE, but different TR times and number of echo shifts, will have approximately the same image SNR. Note that if the acquisition window is reduced to accommodate echo-shifting, by for example increasing the bandwidth, the SNR will be lower. In an EPI sequence optimized for SNR the acquisition window would be extended to acquire during all available time without a delay between for example the excitation and acquisition by either lowering the bandwidth or by acquiring images at multiple echo times (Gowland and Bowtell, 2007) ; if echo shifting is applied in this condition, the SNR will be reduced.
For fMRI however, detection sensitivity is not determined by image SNR alone, but is dependent on temporal signal fluctuations as well, the latter being a combination of signal stability and SNR. Three factors influencing the PRESTO stability are the additional crushers, the multi-shot acquisition mode and the volume TR time. The extra crushers make any ES-sequence more motion sensitive than a non-ES counterpart. Combining multiple excitations into one image also incurs sensitivity to shot-to-shot phase instability, potentially adding to signal fluctuations not present in a single shot approach. In a 2D version of PRESTO-SENSE, i.e. echo shifted EPI (Gibson et al., 2006) , this penalty can be avoided, as one slice can be acquired in a single acquisition. The shorter TR time may have several advantages, discussed in the following paragraphs.
The stability and therefore the BOLD signal detection sensitivity are partly determined by the physiological noise. Signal fluctuations originating from physiological rather than instrumental sources generally scale with the signal amplitude (Kruger and Glover, 2001) , and at high SNR can limit the overall fMRI detection sensitivity. In a simple model of broad-band physiological noise, this favors the lower TR and increased averaging offered by echo shifting, but for band-limited fluctuations this benefit stops when the noise is sufficiently sampled (Gibson et al., 2006) . If one considers cardiac-cycle induced fluctuations, which occur at a frequency of about 1 Hz, this means the TR should be as short as 500 ms, achievable with PRESTO (Neggers et al., 2008) . With the advance of receive technology and availability of high field scanners (7 T and up), the baseline SNR increases and the influence of the physiological noise becomes more important.
Under high SNR conditions, PRESTO may have an advantage, as suggested in Barry et al. (2011) .
The gain in speed may also offer some advantage if one needs the time resolution to for example look at small timing differences for different tasks or different brain areas. A 1 s TR would in general be expected to be sufficient to fully sample the BOLD contrast signal changes, as they are bandlimited by the BOLD impulse response, however, multi slice EPI may not achieve this time resolution for the desired coverage (number of slices).
The volume acquisition, as used in PRESTO, also results in a different sensitivity to subject motion compared to a multi slice approach. As mentioned above, PRESTO, like any multi-shot acquisition, is sensitive to shot-to-shot phase variations resulting from motion. For this reason, motion artifacts appear differently in PRESTO than single shot 2D EPI. Abrupt motion may lead to ghosting and blurring throughout the entire volume in PRESTO, the severity of which would depend on which part of k-space gets affected. In EPI, the induced artifacts would be concentrated in a single slice, possibly making that one slice unusable, although the rest of the volume would be unaffected. Subject motion can also change the spin history in a multi slice excitation resulting in signal fluctuations, as the excited slices are not in the same position in the subject after motion (Friston et al., 1996) . Volume excitations are much less sensitive to this effect, as the motion is almost always small compared to the size of the excited volume. In addition, the anatomical contrast in the PRESTO images (e.g. Fig. 5a ) tends to be lower than in EPI, which helps to reduce motion sensitivity.
The additional motion sensitivity introduced by the echo-shifting gradients in PRESTO can by minimized by keeping their area small. However, to suppress the unwanted echoes, the crusher should be large enough to induce at least 2 cycles of dephasing over the voxel size, preferably in all three directions. With a typical voxel size in the order of 3 mm, this would suggest a crusher of about 20 mT/m amplitude and 1 ms duration (combined amplitude of three axes for first dephasing gradient). This would result in velocity sensitivity (first order moment) of about 100 rad s/m for a typical TE and TR, and a b-value of 0.5 s/mm 2 . Subject motion in fMRI can to some extent be corrected by spatial registration routines. As this is generally done on a volume-by-volume basis, using a volume acquisition may have an advantage in this respect. Subject motion during the acquisition of a set of slices results in a slice stack that does not form a continuous volume, resulting in a compromise registration averaging the position before and after the motion. In a volume acquisition, the motion may induce some blurring, but unless the center of k-space is severely affected, the registration can still work. A short volume TR, as offered by PRESTO, also facilitates the registration as the higher temporal sampling rate will tend to reduce the amount of motion per volume. Lastly, the slice timing correction commonly performed for EPI-based fMRI, is not necessary with PRESTO, as all slices are acquired simultaneously. This correction can be problematic in combination with registration, as the registration can result in a blurring in time when neighboring slices acquired far apart in time in a sliceinterleaved EPI are mixed in the registration process.
Another factor that could influence the choice for (or against) PRESTO is the reduced sensitivity to inflow and BOLD contrast changes in larger veins. As PRESTO has a volume excitation, it is less sensitive to inflow effects that can amplify flow changes in EPI data. Also the additional crusher, while increasing motion sensitivity, effectively suppresses intravascular signal. This may reduce the number of activated voxels, but could increase spatial fidelity. Based on this rationale, PRESTO has been applied to neurosurgical planning (Kho et al., 2005; Rutten et al., 2002a) .
Finally, geometric distortions are less severe in PRESTO than in EPI, as the effective bandwidth in the phase encoding direction is higher. Although small distortions may be correctable given sufficient knowledge of the underlying magnetic fields, large distortions where a voxel is mixed with its neighbor may not be, and even when corrected it can result in a loss of SNR due to the change in effective voxel size.
In conclusion, PRESTO allows rapid 3D fMRI with flexible T 2 ⁎ weighting. This additional flexibility allows one to better optimize sensitivity, however this comes at the price of a somewhat reduced temporal stability. The amount of stability reduction is dependent on measurement parameters and conditions, and may or may not outweigh the sensitivity benefit. Fig. 6 . The relative SNR (blue line) and the relative SNR per unit time (red line) of a gradient echo acquisition with constant bandwidth and echo time, and optimal flip angle as function of the ratio of TR and T 1 . The blue curve reflects the signal in a single shot of a gradient echo acquisition for a range of TR times, the red curve reflects the time averaged signal, showing that over a large range the increase in signal is compensated by the decrease in the number of averages.
